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INTRODUCTION
Living organisms must respond appropriately to environmental changes. For instance, fungi that grow over a wide pH range, such as Saccharomyces cerevisiae, Candida albicans, and Aspergillus nidulans, adapt to alkaline conditions via the Rim101 pathway [1] [2] [3] . For adaptation to external alkalization, these fungi activate the Rim101 pathway to induce alkaline-responsive genes, which encode for secreted enzymes, cell wall proteins, and proteins required for ion homeostasis [4] [5] [6] [7] . For pathogenic fungi, adaptation to external pH is critical for growth and pathogenicity in the host organisms [2, 3] . Therefore, understanding the mechanism of this adaptation is an important aspect of drug development and agriculture, as well as basic biology.
In the lipid bilayer of the eukaryotic plasma membrane (PM), lipid composition differs between the inner (cytoplasmic) and the outer (extracellular) leaflets, and this difference is called lipid asymmetry [8, 9] . For example, phosphatidylserine (PtdSer), phosphatidylethanolamine, and phosphatidylinositol are mostly confined to the inner leaflet, while phosphatidylcholine and sphingolipids are enriched in the outer leaflet.
Maintenance of lipid asymmetry is important for various cellular processes, including generation of membrane potential, establishment of cell polarity, and vesicular transport, whereas transient or irreversible disruption of the lipid asymmetry induces cytokinesis, blood coagulation, and removal of apoptotic cells [10] [11] [12] [13] [14] [15] [16] . We previously reported that, in addition to external alkalization, alterations in lipid asymmetry activate the Rim101 pathway and induce the expression of the putative lipid floppases/transporters RSB1 and OPT2 [17] [18] [19] [20] ; hence, this process may be important for the recovery of functional 5 asymmetry. Although the exact molecular mechanism for how the distinct environmental changes, such as altered lipid asymmetry or external alkalization, activate a common Rim101 pathway remains unclear, it is possible that both changes are recognized by the same signal. For example, external alkalization may induce lipid asymmetry changes. In the Rim101 pathway, the PM protein Rim21 acts as a sensor and may recognize altered lipid composition of the inner leaflet of the PM [21, 22] . Upon activation of Rim21, downstream molecules, including the arrestin-related protein Rim8, endosomal sorting complex required for transport (ESCRT) proteins, the Bro1 family protein Rim20, and the calpain-like protein Rim13, are recruited to the PM and form a complex, followed by the activation of the transcription factor Rim101 by proteolytic processing [23] [24] [25] . Ubiquitination of certain Rim protein(s) by the ubiquitin ligase Rsp5 seems to be involved in the recruitment of the Rim101 signaling complex to the PM [25] .
A considerable portion of the cortical endoplasmic reticulum (ER) is tightly apposed to the PM with an average distance of 33 nm [26, 27] . Ribosomes are excluded from the face of the cortical ER adjacent to the PM, and the tethering proteins Tcb1, Tcb2, Tcb3, Scs2, Scs22, and Ist2 physically bridge the ER and the PM [28] , forming the ER-PM contact sites. When the genes encoding the six tethering proteins were deleted (∆tether mutant), the ER-PM contacts are disrupted [28] . Recent studies have elucidated that phosphatidylinositol 4-phosphate signaling occurs at ER-PM contact sites [29] . In addition, ER-PM contact sites serve as platforms for the exchange of lipids 6 between the ER and the PM, and for ion transport between the ER lumen and the extracellular space via the narrow cytosolic space [30] .
In the present study, we investigated the association between ER-PM contact sites and Rim101 signaling. We found that Rim101 signaling occurred mostly outside ER-PM contact sites and was constitutively active in the ∆tether mutant. ER stress is known to be induced by loss of ER-PM contact sites [28] . The Rim101 pathway was activated by tunicamycin-induced ER stress and was needed for growth under the stress conditions. Thus, the Rim101 pathway is important for the adaptation process in response to ER stress.
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MATERIALS AND METHODS
The yeast Saccharomyces cerevisiae strains used in this study are listed in Table I . Yeast cells were grown in YPD (1% yeast extract, 2% bacto peptone, and 2% D-glucose) or synthetic complete medium (2% D-glucose and 0.67% yeast nitrogen base without amino acids with appropriate supplements) at 30°C. For alkaline treatment, 100 mM Tris-HCl (pH 8.0) was added to the culture medium. A 10 mg/mL stock solution of tunicamycin (Merck, Darmstadt, Germany) and a 2 mg/mL stock solution of aureobasidin A (Takara Bio, Shiga, Japan) were prepared in dimethyl sulfoxide (DMSO) and ethanol, respectively.
Genetic manipulation and plasmids
Gene disruption was conducted by replacing the entire coding region of the gene with a marker gene by homologous recombination. Chromosome fusions of GFP, mCherry, or mRFP to the 3'-terminus of the gene were performed using PCR-based gene disruption and modification as described previously [31] . Briefly, the DNA sequence containing the fluorescent protein-encoding gene, the ADH1 terminator, and a marker was amplified by PCR from the pFA6a vector series [31] with a primer set containing the homologous region of each gene. The amplified fragments were inserted directly into the chromosome by homologous recombination. Integration of P ADH -GFP-RIM21C to the yeast chromosome was performed as described previously [22] . Successful deletions of the genes and tagging were confirmed by genomic PCR and/or fluorescence microscopy. The ∆tether strain (ANDY198) [28] was kindly provided by Dr. C. J. 
Immunoblot analysis
Total cell lysates were prepared by the alkaline/trichloroacetic acid method and subjected to immunoblot analyses using Immobilon TM polyvinylidene difluoride membrane (Millipore, Billerica, MA) as described previously [32] . Anti-HA TANA2
(0.5 µg/ml; Medical & Biological Laboratories, Nagoya, Japan) or anti-Pgk1 (0.5 µg/ml; Thermo Fisher Scientific, Waltham, USA) antibodies were used as the primary antibody, and HRP-conjugated anti-mouse IgG F(ab') 2 fragment (1:7500 dilution; GE Healthcare Life Sciences, Little Chalfont, UK) was used as the secondary antibody.
Immunodetection was performed using the Western Lightning ECL Pro system (PerkinElmer Life Sciences, Waltham, MA, USA) with an X-ray film.
Microscopy
Fluorescence images were captured using a fluorescence microscope (DM5000B, Leica
Microsystems, Wetzlar, Germany) equipped with a cooled CCD camera (DFC365FX, Leica Microsystems), under the control of LAS AF software (version 2.60, Leica Microsystems). In some cases, contrast of the images was enhanced by a linear adjustment using Photoshop CS3 software (Adobe; San Jose, CA, USA).
RESULTS
Rim101 signaling proceeds outside ER-PM contact sites in the PM
The signaling events of the Rim101 pathway proceed at the PM by recruiting the Rim101 signaling complex, which includes the ESCRT-III subunit Snf7 and the Bro1 family protein Rim20 ( Fig. 1A and B) [23, 25] . Since a considerable part of the cortical ER associates with the PM, we first investigated the spatial relationship between the ER-PM contact sites and the locations where Rim101 signaling complexes form. To this end, the signaling complex and ER-PM contact sites were visualized by chromosomally-expressed Rim20-GFP and mRFP-tagged Tcb1, one of the tethering protein bridging the ER and PM, respectively. In response to external alkalization, Rim20 accumulated at the PM [25] (Fig. 1C) . Most of the Rim20 puncta at the PM did not merge with the Tcb1 signal, and were often observed between the Tcb1 signals. This localization pattern was more evident when the focal plane was adjusted to the cell periphery. We also visualized the entirety of the ER using mCherry-tagged Sec61, an integral ER membrane protein. Again, most of Rim20 puncta did not colocalize with the Sec61 signal (Fig. 1D ). Only 6.8% and 7.1% of Rim20 puncta at the PM merged with the Tcb1 and Sec61 signals, respectively (Fig. 1E ). Snf7 is another subunit of the Rim101 signaling complex. Although Snf7 usually localizes to the endosome, a fraction of Snf7 is recruited to the PM when the Rim101 pathway is activated [25] . Furthermore, Vps27, an ESCRT-0 component, is required for localization of Snf7 to the endosome but not to the PM; hence, Snf7 signal is mostly detected at the PM in vps27∆ cells after external alkalization [25] . We analyzed the spatial relationship between Snf7 puncta at the PM and ER-PM contact sites in alkali-treated vps27∆ cells. As with Rim20, the majority of the Snf7 puncta did not merge with the ER-PM contact site marker Tcb1 (Fig. 1F ). These observations indicate that the Rim101 signaling complex is mainly formed at sites where the ER is not physically attaching to the PM, although we do not completely exclude the possibility that some of the Rim101 signaling complexes may be formed at contact sites.
To further confirm the localization of Rim101 signaling complex outside ER-PM contact sites, we employed the ∆tether mutant, in which ER-PM contact sites are disrupted [28] . Indeed, the cortical ER was observed only in the interior of the ∆tether cells both before and after external alkalization ( Fig. 2A) . Rim20 still accumulated at the PM in ∆tether cells upon external alkalization, and this accumulation was dependent on Rim21 (Fig. 2B ). Both the fluorescence intensity of Rim20-GFP of whole cells and the intensity associated with the PM puncta were similar between wild-type (WT) and ∆tether cells (Fig. 2C and D) . Snf7 also accumulated at the PM in addition to in the late endosome in alkali-treated ∆tether cells (Fig. 2E) . The fluorescence intensity of Snf7-mRFP of whole cells was slightly higher in ∆tether cells than in WT cells for unknown reasons (Fig. 2F ). These observations indicate that ER-PM contact is not essential for the formation of the Rim101 signaling complex at the PM.
Disruption of ER-PM contact causes constitutive activation of the Rim101 pathway
During the observations of the Rim101 signaling complex, we found that the signaling complex formed more frequently in ∆tether cells than in WT cells under normal conditions (without external alkalization). The number of Rim20 puncta at the PM was significantly increased in ∆tether cells (Fig. 3A and B) . Likewise, Snf7 puncta at the PM were more easily detected in ∆tether cells than in WT cells under normal conditions (Fig. 3C) . Importantly, Rim20 punctum formation in ∆tether cells was dependent on the sensor protein Rim21 (Fig. 3A) , indicating that the Rim101 signaling complex formation without ER-PM contact sites is an ordinary process triggered by Rim21, rather than an aberrant event that no longer needs Rim21. Considering that ER-PM contact sites function in lipid exchange between the cytosolic leaflet of ER and the inner leaflet of the PM, it is possible that loss of ER-PM contact sites causes a change in lipid composition of the inner leaflet of the PM, leading to altered lipid asymmetry in the PM and activation of the Rim101 pathway.
We recently reported that the C-terminal cytosolic region of Rim21 (Rim21C) senses altered lipid asymmetry, probably through the recognition of altered lipid composition in the inner leaflet of the PM [22] . In that previous study, we showed that GFP-Rim21C was associated with the PM and the yeast bud neck, where lipid asymmetry is altered locally [13] in WT cells under normal conditions, whereas it dissociated from the PM upon activation of the Rim101 pathway (under alkali conditions or in cells with mutations in lipid translocases) [22] (see also Fig. 3D) . Thus, the behavior of GFP-Rim21C can be used as an indicator of activation of the Rim101 pathway. Here, we found that GFP-Rim21C was dissociated from the PM in ∆tether cells under normal conditions (Fig. 3D) , indicating constitutive activation of the Rim101 pathway.
At the final step of Rim101 signaling, the transcription factor Rim101 is activated by proteolytic processing [1] , which can be monitored by immunoblotting for the processed Rim101. Processed Rim101 increased in non-treated ∆tether cells compared with WT cells (Fig. 3E) . The processing of Rim101 in ∆tether cells was completely dependent on Rim21. All of these corroborating results indicate that loss of ER-PM contact leads to the activation of the Rim101 pathway through the Rim21 sensor protein.
We next examined the alkaline-sensitivity of ∆tether cells. Consistent with a previous report [19] , rim21∆ cells were sensitive to an alkaline pH (Fig. 3F) . Similarly, ∆tether cells showed a growth defect on alkaline plates, indicating that ER-PM contact is important for alkaline tolerance. Introduction of the ∆tether mutations into rim21∆ cells exacerbated the alkaline sensitivity. This additive effect suggests that the alkaline sensitivity caused by ∆tether mutations is independent of the Rim101 pathway, at least partly.
Loss of Osh6/7-mediated PtdSer transfer does not cause constitutive activation of the Rim101 pathway
Since Rim101 signaling was constitutively activated in ∆tether cells in a Rim21-dependent manner (Fig. 3) , we speculated that Rim21 senses alterations in the state of the PM (i.e., altered lipid composition of the inner leaflet) caused by the loss of ER-PM contact. We focused on PtdSer because the Rim101 pathway was activated in a mutant defective in PtdSer synthesis [21] . Firstly, intracellular distribution of PtdSer 13 was investigated using a PtdSer reporter protein, GFP-Lact-C2 [33] . GFP-Lact-C2 was mostly detected at the PM in both WT and ∆tether cells (Fig. 4A) . However, in ∆tether cells a fraction of GFP-Lact-C2 was detected at intracellular membrane structures as well. This localization pattern resembled that of the mutant cells with OSH6 and OSH7
deletions, which mediate non-vesicular, direct transport of PtdSer from the ER to the PM via ER-PM contact sites [34] .
We next investigated whether the constitutive activation of the Rim101 pathway in ∆tether cells was due to loss of Osh6/7-mediated PtdSer transport via ER-PM contact sites. To this end, the processing of Rim101 was monitored in osh6∆ osh7∆ double mutant cells. We found that the processing of Rim101 was not facilitated in the osh6∆ osh7∆ cells (Fig. 4B) . Therefore, the activation of the Rim101 pathway in ∆tether cells cannot be explained solely by loss of Osh6/7-mediated transport of PtdSer.
The Rim101 pathway confers resistance to ER stress
It is known that the loss of ER-PM contact sites causes ER stress, and therefore ∆tether cells are hypersensitive to an additional ER stress inducer [28] . We examined the possibility that constitutive activation of the Rim101 pathway in ∆tether cells was due to ER stress. The Rim101 pathway was stimulated by treatment with tunicamycin, which causes ER stress by inhibiting N-linked glycosylation (Fig. 5A ). This tunicamycin-induced activation of the Rim101 pathway was completely dependent on the sensor protein Rim21. Accumulation of Rim20 at the PM was also enhanced by 14 tunicamycin treatment in a Rim21-dependent manner ( Fig. 5B and C) . These results suggest that ER stress causes changes in lipid asymmetry in the PM.
We then hypothesized that the Rim101 pathway is involved in the adaptation to ER stress. To assess this possibility, we investigated the sensitivity of rim21∆ and ∆tether rim21∆ cells to tunicamycin. As reported previously, ∆tether cells were hypersensitive to tunicamycin (Fig. 5D ) [28] . Cells with a RIM21 deletion were also more sensitive to tunicamycin when compared to WT cells. Moreover, the RIM21 deletion greatly exacerbated the sensitivity of ∆tether cells to tunicamycin. These results suggest that the Rim101 pathway is at least partially involved in the adaptation to ER stress. Rsb1 and Opt2 are induced by the Rim101 pathway and mediate, directly or indirectly, the flop/transport of sphingoid long-chain bases and phospholipids, respectively [17, 19, 20] . However, neither the deletion of the RBS1 nor OPT2 genes in WT or ∆tether cells elevated the tunicamycin sensitivity of the resultant mutants (Fig. 5E ), indicating that Rim101 pathway dependent-proteins other than Rsb1 and Opt2 play an important role in the adaptation to ER stress.
Impaired complex sphingolipid synthesis activates the Rim101 pathway
Recently, it was reported that synthesis of sphingolipids, one of the major lipids in the PM, was reduced in ∆tether cells [35] . Sphingolipids are mostly confined to the outer leaflet of the PM, and thus contribute to the generation of lipid asymmetry. Therefore, we next investigated whether impairment of sphingolipid synthesis activates the (Fig. 6) , suggesting that impaired sphingolipid synthesis causes changes in PM lipid asymmetry and activates Rim21.
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DISCUSSION
In the present study, we found that in ∆tether cells, which have disrupted ER-PM contacts, the Rim101 pathway was activated even under normal conditions (Fig. 3) .
Since ER-PM contact sites are the sites of lipid exchange between the cytosolic leaflet of the ER membrane and the inner leaflet of the PM, we speculate that loss of ER-PM contact sites causes a change in the lipid composition of the inner leaflet of the PM, resulting in altered lipid asymmetry and activation of the Rim101 pathway. However, we cannot exclude the possibility that ER-PM contact is serving as a brake for the Rim101 pathway.
In the PM, PtdSer, phosphatidylethanolamine, and phosphatidylinositol are confined to the inner leaflet. The lipid transfer proteins, Osh6 and Osh7, transport
PtdSer from the ER to the PM via ER-PM contact sites [34] . We found that Rim101 pathway was not activated in osh6∆ osh7∆ cells (Fig. 4B) . Therefore, the loss of PtdSer transport from the ER to the PM by Osh6 and Osh7 was not sufficient to induce changes in lipid asymmetry to an extent detectable by the Rim101 pathway.
Upon activation of the Rim101 pathway, the Rim101 signaling complex, including Rim20 and an ESCRT III component Snf7, is formed at the PM in a patchy manner [23] [24] [25] , which resembles the pattern of Rim21 puncta [21] . In yeast two-hybrid assays, Rim21 binds to the arrestin-related protein Rim8, and Rim8 in turn binds to the ESCRT I subunit Vps23 [24] . Therefore, it is likely that the signaling complex is formed at the site where Rim21 is located. In the present research, we revealed that the Rim101 signaling complex mostly formed outside the ER-PM contact sites (Fig. 1) . We speculate that the Rim101 signaling complex is too large to be accommodated in the narrow space of ER-PM contact sites. However, currently, the local microenvironment of the PM where Rim21 puncta are formed remains unknown. Rim21 is not localized to the eisosome [21] , a specialized PM subdomain where scaffold proteins, such as Pil1
and Lsp1, and some transmembrane proteins are enriched [36] . Elucidation of the precise sites of Rim101 signaling on the PM is an important future problem to be solved.
It is noteworthy that the activation of the Rim101 pathway in ∆tether cells and in tunicamycin-treated WT cells was completely dependent on the sensor protein Rim21.
These results suggest that some alterations in the lipid asymmetry of PM are invoked by ER stress and sensed by Rim21, rather than ER stress activating the Rim101 pathway aberrantly without stimulating Rim21. It is known that proteins involved in vesicular trafficking pathways, including secretory pathways, are induced by the unfolded protein response, which is proposed to be an adaptation process to regulate the amount or concentration of unfolded proteins in the ER [37, 38] . Since secretory vesicles, which are composed of lipid bilayers, finally fuse with the PM, some changes in lipid asymmetry may be induced. Alternatively, since the ER is the site of lipid synthesis, it is possible that ER stress affects the production of certain lipid classes, leading to altered lipid asymmetry. It was recently reported that sphingolipid synthesis is altered in ∆tether cells [35] . Sphingolipids are mostly confined to the extracellular leaflet of the PM lipid bilayer, and thus contribute to generation of asymmetry in the membrane. In the present work, we indeed found that impaired sphingolipid synthesis activated the Rim101 18 pathway via the sensor protein Rim21 (Fig. 6) . Therefore, an alteration in sphingolipid synthesis together with enhanced vesicular trafficking could cause changes in lipid asymmetry in the PM, followed by activation of the Rim101 pathway (Fig. 7) .
ER-PM contact was required for alkaline tolerance in a manner independent of the Rim101 pathway, at least partly (Fig. 3F) . Since ER-PM contact is involved in various events, such as phosphatidylinositol 4-phosphate signaling, ion transport, and lipid exchange [30] , the loss of ER-PM contact likely causes pleiotropic effects. At present, how ER-PM contact is involved in alkaline tolerance is unknown, and this will be an important issue for future studies.
Cells defective in activation of the Rim101 pathway were more sensitive to the ER stress induced by tunicamycin ( Fig. 5D and E) . This result indicates that the Rim101 pathway is important for the adaptation to ER stress. As discussed above, ER stress likely causes changes in lipid asymmetry. This altered lipid asymmetry by ER stress must be sensed and be compensated for as maintenance of lipid asymmetry is essential for cell viability [39] . Various genes are induced by the activation of the Rim101 pathway, probably in cooperation with other signaling pathways [4, 6, 7, 19] . Both Rsb1 and Opt2 are induced by the Rim101 pathway and are involved directly or indirectly in flop/transport of sphingoid long-chain bases and phospholipids, respectively [18, 19] .
However, these proteins do not appear to be critical factors for the adaptation to ER stress (Fig. 5E ). Future studies should identify the key proteins that are induced by ER stress and play pivotal roles in the Rim101 pathway-mediated adaptation process.
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